2D α-MoO 3 was synthesized using a facile, inexpensive and scalable liquid- 
Introduction
Due to its properties, α-MoO 3 is an attractive material for energy storage applications. Firstly, α-MoO 3 has a layered crystal structure suitable for ion intercalation. Each layer of the 2D-layered structure of orthorhombic α- Secondly, due to the high oxidation state of the metal (Mo 6+ ) in α-MoO 3 , this
material has high open circuit potential, and thus, it is capable of high energy storage when tested in a typical battery set up [3] . Thirdly, due to the various oxidation states of Mo (Mo 6+ , Mo 5+ , Mo 4+ , Mo 3+ ), α-MoO 3 can store energy by undergoing redox activity [4, 5] . α-MoO 3 has mainly been investigated as a battery cathode [3, [6] [7] [8] and anode [9, 10] and a high charge storage has been reported. However, drawbacks preventing its application include:
characteristic slow kinetics, high irreversibility and poor cycle stability. More recently, α-MoO 3 has been investigated as a supercapacitor electrode in a Liion based electrolyte and a high charge storage attributed to pseudocapacitive activity was reported [11] . However, the study did not include cycle stability assessment.
In order to improve charge storage capacity, α-MoO 3 has been nanostructured and combined with carbon-based materials. The literature reports various α-MoO 3 nanostructures including nanoparticles, nanowires and mesoporous nanostructures [9] [10] [11] with high surface areas and/or porosity that enables a greater charge storage than their micro-sized counterparts.
Due to its semiconducting nature, α-MoO 3 stores charge poorly unless it is provided with an electrically conducting additive. Carbon-based materials such as carbon nanotubes and carbon black are added as conductive additives [9, 12] . Upon repeated Li-ion intercalation de-intercalation, α-MoO 3 expands and contracts eventually causing particle pulverization and loss of particle-particle contact [13] . This leads to capacity fading upon cycling.
Carbon-based additives not only provide suitable electrical conductivity but also are used to alleviate this pulverization effect serving as a "mechanical buffer" of α-MoO 3 particles [13, 14] . Carbon nanotubes, for example, form nets that buffer volume changes during cycling [12] .
2D nanomaterials are typically obtained from layered van der Waals solids that have strong ionic or covalent in-plane bonds that form layers but weak out-of-plane van der Waals bonds [15, 16] . The term "exfoliation" refers to the delamination of layered van der Waals solids by overcoming the van der Waals forces by either shearing parallel or expanding normal to the inplane direction [15, 16] . Liquid-phase exfoliation utilizes ultrasonic energy and liquid-mediated stabilization to delaminate layered van der Waals solids, resulting in exfoliated nanosheets (the term nano refers to the magnitude of the thickness) [17, 18] . Liquids, including water and organic solvents, with the correct surface energy or solubility parameters bind by van der Waals interactions to the exfoliated nanosheets with strengths that are similar to the inter-nanosheet binding strength, preventing re-aggregation and reducing the net energy cost of exfoliation [19] [20] [21] . In the ideal case, the nanosheets are comprised of a single constituent layer of the original layered solid; however, in practice, the nanosheets consist of few (≈ 10) stacked layers [17] .
2D nanomaterials produced by liquid-phase exfoliation offer some scope for application in batteries and supercapacitors due to: (1) high surface area with a typical width of 50 nm, length < 1000 nm, and thickness < 2 -5 nm [18, 22] (2) high packing density that allows volume reduction of devices, highly relevant in the power electronics industry where miniaturization is important, (3) redox and/or ion-intercalation activity, (4) cost-effectiveness, simplicity and scalability of the liquid-phase exfoliation method, (5) production of the 2D nanomaterials in suspension which allows immediate processability into films using scalable methods such as spray-deposition [23, 24] and ink-jet printing.
In this work, commercially available bulk layered α-MoO 3 was exfoliated in isopropanol resulting in α-MoO 3 nanosheets (2D α-MoO 3 ) of 400
nm length x 100 nm width x 21 nm thickness. Characterization of the 2D α-MoO 3 has been addressed elsewhere [25] . The 2D 
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Preparation of 2D α-MoO 3 /SWCNT composite dispersion
A dispersion of 2D α-MoO 3 in IPA was prepared as described above.
SWCNTs (5 mg) were dispersed in IPA (50 mL) at a concentration of 0.1 mg ml −1 . This suspension was then ultrasonicated for 30 min in a VCX-750 sonic dismembrator (40 % amplitude) while cooling down, then ultrasonicated for one hour in a ElmasonicP120H sonic bath (37 kHz, 60 % power) followed by an additional 30 min in the VCX-750 sonic dismembrator. This dispersion was then mixed without centrifugation with a 2D-MoO 3 /IPA dispersion of predetermined concentration to form a composite of known SWCNTs wt %.
Electrode manufacture
The 2D α-MoO 3 /SWCNT composite dispersion was vacuum filtrated using a nitrocellulose membrane filter and dried at room temperature. These films were subsequently transferred onto aluminum foil substrates (pre-coated by spray deposition with a ≈ 5 nm layer of 0.1 % wt/wt PEI solution in water) using the transfer method of Wu et al. [26] . The electrodes were then cut into 18 mm discs. The average mass and thickness of the 2D-MoO 3 -SWCNT composite electrodes were 0.7 mg and 1 µm respectively. Electrodes of solely 2D α-MoO 3 were manufactured following the same procedure.
Equipment and characterization techniques. Transmission electron microscopy (TEM) images were obtained using a FEI-Titan operated at 300 keV; scanning electron microscopy (SEM) images were obtained using a Carl Zeiss Ultra Plus operated at an acceleration voltage of 5 kV; Raman (RS) spectra were recorded at room temperature using a Witec Alpha 300 system with a laser excitation wavelength of 532 nm. Laser power of Cyclic voltammetry experiments and galvanostatic charge-discharge experiments were performed in a potential range of 1.5 to 3.5 V vs. Li/Li + .
Results and discussion
Characterization of Materials
Characterization of the 2D α-MoO 3 by TEM, SEM and Raman were reported in our previous work [25] . Here we describe some aspects relevant to the energy storage application of 2D α-MoO 3 . As shown in Figure 1a , the starting material consisted of microsized platelets. Figure 1d shows TEM mi-crographs of the liquid-phase exfoliated 2D α-MoO 3 with typical dimensions of 400 nm length x 100 nm width x 21 nm thickness (mean size determined by atomic force microscopy measurements over 100 nanosheets) [25] . Raman spectroscopy was performed on the powder of the starting material (SEM image shown in Figure 1a ) and on a thin film (SEM image shown in Figure 1b ) of as-synthesized material. Figure 1c shows For practical reasons, we will refer to the exfoliated material as 2D α-MoO 3 .
Electrochemical characterization
The charge storage properties of 2D α-MoO 3 were investigated in a 1 M LiClO 4 /propylene carbonate electrolyte in a half cell configuration using Li foil as reference and counter electrodes. Due to is semiconducting nature, α-MoO 3 can store charge only if provided with an electrically conductive additive [7, 30] . In our previous work, a study was conducted to optimize Subsequent testing was performed on electrodes with a 15 wt% SWCNT content. The SEM image in Figure 2c shows the surface of 2D α-MoO 3 /SWCNT (85 wt%/ 15 wt%) composite electrode, where a high degree of interleaving of the SWCNTs in between and around the MoO 3 nanosheets had been achieved, not only developing an electrically conducting network, but also providing a degree of mesoporosity desirable to facilitate electrolyte accessibility [12] .
The ion intercalation events in the 2D α-MoO 3 /SWCNT (85 wt%/ 15wt %) composite electrodes were studied by CV at a scan rate of 0.1 mV s −1 . As shown in Figure 3a , a series of well-defined anodic (a) and cathodic peaks (c)
were identified. The identified cathodic peaks were: c 1 (2.78 V), c 2 (2.50 V), α-MoO 3 stores energy by three mechanisms: double layer capacitance, redox pseudocapacitance, and diffusion controlled Li-ion intercalation [11] .
The first two mechanisms are fast whereas ion intercalation is slower due to diffusion control. Capacitive contributions to charge storage can be considered to occur at a 20-100 s time scale (100 mV s −1 to 20 mV s −1 CV scan rate) [11] . Charge storage contributions controlled by diffusion, i.e. ion intercalation, can be considered to occur at a 100-20,000 s time scale (20 mV s −1 to 0.1 mV s −1 CV scan rate) [11] . Figures 3c and 3d The capacitive performance as a function of CV scan rate was investigated. Figure 3b shows the CVs at the different scan rates and Figure 2b shows that the 2D α-MoO 3 /SWCNT (85 wt%/ 15 wt%) composite electrodes achieved a capacitance of 200 F g −1 at a scan rate of 10 mV s −1 (200 s) and was maintained at 82 F g −1 at a scan rate of 50 mV s −1 . This performance is comparable to that achieved by other pseudocapacitive systems including iron oxides and manganese oxides [33] [34] [35] [36] .
The cycling stability of the 2D α-MoO 3 /SWCNT (85 wt%/ 15 wt%) composite electrode was investigated by galvanostatic charge-discharge curves at a current rate of 100 mA g −1 (0.017 mA cm −2 for an electrode of 2.54 cm 2 ).
A discharge capacity of 123.0 mAh g −1 was achieved during the first cycle.
The capacitance retention over 200 cycles was 62%. 
Conclusions
